We analyze the optical continuum of star-forming galaxies in SDSS by fitting stacked spectra with stellar population synthesis models to investigate the relation between stellar mass, stellar metallicity, dust attenuation and star formation rate. We fit models calculated with star formation and chemical evolution histories that are derived empirically from multi-epoch observations of the stellar mass-star formation rate and the stellar mass-gas-phase metallicity relations, respectively. We also fit linear combinations of single burst models with a range of metallicities and ages. Star formation and chemical evolution histories are unconstrained for these models. The stellar mass-stellar metallicity relations obtained from the two methods agree with the relation measured from individual supergiant stars in nearby galaxies. These relations are also consistent with the relation obtained from emission line analysis of gas-phase metallicity after accounting for systematic offsets in the gas-phase-metallicity. We measure dust attenuation of the stellar continuum and show that its dependence on stellar mass and star formation rate is consistent with previously reported results derived from nebular emission lines. However, stellar continuum attenuation is smaller than nebular emission line attenuation. The continuum-to-nebular attenuation ratio depends on stellar mass and is smaller in more massive galaxies. Our consistent analysis of stellar continuum and nebular emission lines paves the way for a comprehensive investigation of stellar metallicities of star-forming and quiescent galaxies.
INTRODUCTION
Measurements of heavy elements and dust provide important constraints for understanding the formation and evolution of star-forming galaxies. Gas from the intergalactic medium flows into dark matter halos fueling star formation in galaxies. Stars are sustained by fusion of lighter elements into heavier elements. These heavy elements are recycled into the interstellar medium (ISM) by stellar mass loss processes. Some fraction of these heavy elements may be expelled from the ISM by galaxy scale outflows. With each generation of star formation, heavy elements and dust-which forms out of heavy elementsaccumulate in galaxies. Thus, the heavy element and dust content of galaxies depends on star formation and gas flows. These are key physical processes governing galaxy formation and evolution.
Oxygen is the most abundant heavy element in the universe. The amount of oxygen relative to hydrogen in the gas-phase is an important metric of chemical evolution. The gas-phase metallicity of star-forming galaxies can be measured from strong emission lines observed in rest-frame optical spectra (Searle & Sargent 1972) . Lequeux et al. (1979) first showed that gas-phase metallicity of star-forming galaxies scales with stellar mass-the so-called mass-metallicity (M Z) relation. From analysis of ∼ 50, 000 star-forming galaxies in the Sloan Digital Sky Survey (SDSS), it is now well established that there is a tight M Z relation for galaxies in the local universe (∼ 0.1 dex scatter; Tremonti et al. 2004 ). The M Z relation is a power-law that flattens or saturates at large stellar masses (Tremonti et al. 2004; Moustakas et al. 2011; Andrews & Martini 2013; Zahid et al. 2013a; Wu et al. 2017 ).
An M Z relation is observed for star-forming galaxies out to z ∼ 3 (e.g., Savaglio et al. 2005; Erb et al. 2006; Cowie & Barger 2008; Maiolino et al. 2008; Mannucci et al. 2009; Lamareille et al. 2009; Pérez-Montero et al. 2009; Zahid et al. 2011; Yabe et al. 2012; Zahid et al. 2013a Zahid et al. , 2014c Wuyts et al. 2014; Maier et al. 2015; Salim et al. 2015; Sanders et al. 2015; Ly et al. 2016; Kashino et al. 2017 ). These observations demonstrate that at a fixed stellar mass, metallicities of galaxies increase with cosmic time. Zahid et al. (2013a) show that the shape and overall normalization of the M Z relation is independent of redshift at z 2; the evolution of the M Z relation is quantified solely by evolution in the stellar mass where metallicities of galaxies saturate, i.e. the stellar mass where the M Z relation flattens.
The scatter of the M Z relation is correlated with other galaxy properties.
A relation between stellar mass, metallicity and SFR is observed in local (SFR Ellison et al. 2008; Mannucci et al. 2010; Lara-López et al. 2010; Yates et al. 2012; Andrews & Martini 2013; Salim et al. 2014 ) and highredshift galaxies (Zahid et al. 2014c; Yabe et al. 2014; Troncoso et al. 2014; Maier et al. 2015; Salim et al. 2015) . At a fixed stellar mass, galaxies with high SFRs tend to have lower metallicities and vice versa. Both metallicity and SFR depend on the amount of gas.
Thus, the anti-correlation between metallicity and SFR is likely due to variations in gas content (Hughes et al. 2013; Bothwell et al. 2013 Bothwell et al. , 2016 .
The shape, evolution and correlated scatter of the M Z relation provide important observational constraints for models of galactic chemical evolution (e.g., Ellison et al. 2008; Finlator & Davé 2008; Mannucci et al. 2010; Davé et al. 2012; Dayal et al. 2013; Lilly et al. 2013; Zahid et al. 2013a Zahid et al. , 2014a Ascasibar et al. 2015; Andrews et al. 2017) . Based on these observational constraints and the equations of galactic chemical evolution, Zahid et al. (2014a, Z14 hereafter) develop an analytical model whereby the M Z relation originates from a universal relation between metallicity and stellar-to-gas-mass ratio. In their model, star formation is fueled by inflows and metallicity increases as galaxies build stellar mass. However, the metallicity saturates at the point when the mass of metals produced and returned to the ISM by massive stars is equal to the mass of metals forever sequestered within low mass stars.
Stars form from gas composing the ISM and thus a relation between stellar mass and stellar metallicity is expected. Indeed, several studies have reported such a relation between the stellar mass and the metallicity of individual stars and/or the integrated stellar population (Gallazzi et al. 2005; Panter et al. 2008; Sommariva et al. 2012; Kirby et al. 2013; González Delgado et al. 2014 Kudritzki et al. 2016; Bresolin et al. 2016) . The stellar M Z relation is qualitatively similar to the gas-phase M Z relation.
The gas-phase metallicity depends on SFR which is likely due to variations in gas content. If these variations occur on sufficiently long timescales, stellar metallicity determined from the integrated stellar population should also depend on SFR. The dependence of the stellar M Z relation on the SFR will be explored in this work.
Dust forms from heavy elements and a correlation between dust and metallicity is observed in the local universe (Heckman et al. 1998; Boissier et al. 2004; Asari et al. 2007; Garn & Best 2010; Xiao et al. 2012; Zahid et al. 2012b ) and at high redshifts (Reddy et al. 2010; Zahid et al. 2014c) . At a fixed stellar mass, dust attenuation measured from the Balmer decrement depends on stellar mass and SFR (Zahid et al. 2013c) . At stellar masses below 10 10 M ⊙ dust attenuation is anticorrelated with SFR; at stellar masses 10 10 M ⊙ dust attenuation and SFR are positively correlated. Yates et al. (2012) report similar trends for the relation between stellar mass, metallicity and SFR (see also Zahid et al. 2013c ). Here we report dust attenuation measurements derived from analysis of the stellar continuum. Dust attenuation determined from the continuum is independent of the emission line properties and thus provides an alternative means to investigate the relation between stellar mass, dust attenuation and SFR.
Studies of local galaxies report that nebular lines are more attenuated than the continuum (e.g., Calzetti et al. 1994; Mayya & Prabhu 1996; Charlot & Fall 2000) . The canonical ratio of continuum-to-nebular attenuation is 0.44 (Calzetti 1997) .
However, this ratio may be a function of galaxy properties (e.g., Wuyts et al. 2013; Koyama et al. 2015) . We examine the ratio of continuum-to-nebular attenuation as a function of galaxy properties.
The metal and dust content of star-forming galaxies is typically studied via emission line analysis of optical spectra. However, metallicities measured from strong emission lines are subject to large systematic uncertainties, which are not yet fully understood (Kewley & Ellison 2008) . Therefore, we develop an alternative approach to analyze spectra and revisit relations between stellar mass, metallicity, dust content and SFR for star-forming galaxies in the SDSS. We derive metallicity and dust attenuation by analyzing metal absorption lines and the continuum shape of the integrated stellar population. Our analysis is based on fitting stacked spectra with stellar population synthesis models. This approach is completely independent of emission line analyses and thus provides a robust test of previously reported results.
In Section 2 and 3 we describe the observational data and methods, respectively. We present the M Z relation in Section 4 and examine the relation between stellar mass and dust attenuation in Section 5. We investigate these quantities as a function of SFR in Section 6 and discuss our results in Section 7. We conclude in Section 8. We adopt 12 + log(O/H) = 8.69 and Z = 0.0142 as the solar metallicity (Asplund et al. 2009 ) and a fiducial cosmology (H 0 , Ω m , Ω λ ) = (70 km s −1 , 0.3, 0.7).
OBSERVATIONS

SDSS data and Sample Selection
We analyze the Main Galaxy Sample of the Sloan Digital Sky Survey (Abazajian et al. 2009; Alam et al. 2015) . The parent sample consists of ∼ 900, 000 galaxies observed over 10,000 deg 2 down to a limiting magnitude of r < 17.8 at 0 z 0.3. The observed spectral range is 3800 − 9200Å with a nominal spectral resolution of R ∼ 1500 at 5000Å (Smee et al. 2013) . We adopt total stellar masses, total star formation rates and emission line fluxes measured by the MPA/JHU group 1 (Kauffmann et al. 2003a; Tremonti et al. 2004; Brinchmann et al. 2004; Salim et al. 2007) .
We select galaxies following the criteria described in Andrews & Martini (2013) . The sample is restricted to 0.027 < z < 0.25 to ensure rest-frame wavelength coverage of the [OII]λ3727 and [OII]λ7330 emission lines. We remove galaxies classified as active galactic nuclei (AGN) using the Kauffmann et al. (2003b) classification based on the Baldwin et al. (1981) 
We select galaxies with Hβ, Hα and [N II]λ6584 emission lines observed with a signal-to-noise (S/N) ratio ≥ 5. These selection criteria yield a sample of ∼ 200, 000 starforming galaxies.
Stacking Procedure
The techniques we develop in this work can be applied to individual galaxy spectra but the fitting procedure as it is currently implemented is too computationally expensive to apply to large samples. Thus, we stack spectra of galaxies in bins of stellar mass. This approach increases the S/N ratio of the spectra we analyze and requires fewer computations. The stacking procedure is described in detail by Andrews & Martini (2013) . Here we highlight the salient aspects of the procedure and refer readers to AM13 for more details.
The data are stacked in 0.1 dex bins of stellar mass with stellar masses ranging between 10 8.5 −10 11 M ⊙ . The spectra are corrected for galactic extinction using the maps of Schlegel et al. (1998) and are shifted to restframe wavelengths using the measured redshift. They are linearly interpolated between 3700 − 7360Å with a wavelength pixel resolution ∆λ = 1Å and are normalized to the mean flux between 4400 − 4450Å. The spectra are coadded by taking the mean flux of all spectra in the stellar mass bin at each wavelength pixel element. Each spectrum is equally weighted in the average. To examine galaxy properties as a function of stellar mass and SFR, we sort spectra in each stellar mass bin into quintiles of SFR. Systematics related to the stacking procedure are discussed in AM13. Figure 1 shows a montage of the 25 stacked spectra analyzed in this study. The number of spectra in each stack and typical S/N ratio are given in Table 1 . We empirically determine the spectral resolution of each stacked spectrum from fitting strong emission lines and find that it increases with stellar mass. To avoid systematic effects caused by different spectral resolution, we convolve all spectra such that emission lines have the line width of the most massive galaxy stacked spectrum which is 330 km s −1 (full width at half maximum). The 3" spectroscopic fiber aperture of SDSS is positioned on bright central region of galaxies and thus does not capture the total light. To test for aperture bias, we calculate the g−band covering fraction as the ratio of flux in the g−band fiber to the total g−band flux determined from the photometric magnitude. Thus, the g−band covering fraction is the fraction of the galaxy light in the g−band captured in the fiber. The median fiber aperture covering fraction is 0.25 for our sample and ranges between 0.05 − 1.
We test whether our results are sensitive to aperture bias. In each stellar mass bin, we sort the data into two equally populated bins of fiber aperture covering fraction; we have a large and small fiber aperture covering fraction stacked spectrum with typical covering fractions of 0.35 and 0.2, respectively. We analyze these data applying the procedure described in Section 3.2.2. The results of this exercise are consistent with results presented in this paper. Thus, we conclude that aperture bias is not a significant systematic effect (Choi et al. 2014; Peng et al. 2015) and the metallicity that we measure represents a global quantity averaged over the central regions of the galaxies.
METHODS
Our goal is to develop a robust technique to analyze the continuum of star-forming galaxies. We compare stellar Note. -Columns 1 and 2 give the stellar mass range and number of spectra averaged, N S , for each stack, respectively. Column 3 lists the median signalto-noise per pixel between 4400 − 4450Å.
metallicities determined from continuum analysis with those derived from standard techniques using ISM emission lines. We derive stellar metallicities by fitting stellar population synthesis models using two independent approaches. We empirically derive star formation and chemical evolution histories and use these as inputs to generate stellar population synthesis models which we fit to data. We also fit the data with a linear combination of models with single bursts of star formation which we sample at different metallicities and ages.
The various approaches used to measure metallicity in this study are subject to different assumptions. We compare the results of the different methods to test these assumptions. Throughout this work we generically refer to the relation between metallicity and stellar mass as the M Z relation. When specifically referring to the gasphase and stellar mass-metallicity relations we denote them as M Z g and M Z * , respectively. We derive gas-phase metallicities using standard technique of analyzing strong emission lines. The gas-phase metallicity is the abundance of oxygen relative to hydrogen. To convert the gas-phase abundance into total metallicity which we quote as Z, we assume a solar abundance pattern.
We derive evolutionary stellar population synthesis models which we fit to spectra stacked in bins of stellar mass. These models are based on empirically constrained star formation and chemical evolution histories that are derived from the average galaxy properties measured as a function of stellar mass. Thus, they are applicable to galaxy spectra stacked in bins of stellar mass. Models with prescribed histories have the advantage that the re- Fig. 1 .-SDSS spectra of star-forming galaxies stacked in 25 bins of stellar mass ranging from 10 8.5 M ⊙ (top) to 10 11 M ⊙ (bottom). Stellar mass ranges of stacked spectra are in Table 1. sults can be easily interpreted because the star formation and chemical evolution histories are known. However, these models are only applicable when the spectrum being fit characterizes the average galaxy in a narrow range of stellar mass. These models are not relevant to spectra which are sorted by other galaxy properties. Thus, they cannot be applied to spectra sorted in quintiles of SFR.
The single burst model fitting procedure makes no assumptions about the star formation and chemical evolution history of galaxies. These models can be fit to galaxies spectra which are sorted by other galaxy properties such as SFR or to the spectrum of individual galaxies. The procedure assumes that the integrated stellar population is the sum of discrete star formation events with each event having a single age, metallicity and SFR.
Our approach is to demonstrate the consistency of the two methods for determining stellar metallicities for data stacked only in bins of stellar mass. We then apply the single burst models to the stacked spectra sorted in quintiles of SFR.
Gas-Phase Oxygen Abundance
The spectra in Figure 1 show strong emission lines from ionized gas in star-forming regions. We measure the gasphase oxygen abundance using line flux ratios corrected for dust attenuation. We correct emission line fluxes using the Cardelli et al. (1989) extinction law assuming case B recombination value for the Hα/Hβ emission line ratio of 2.86 (Hummer & Storey 1987) . We determine the gas-phase oxygen abundance using the strong-line calibration of Kobulnicky & Kewley (2004, KK04 hereafter) . The relevant emission line ratios are
and
We assume that the [OIII]λ5007 to [OIII]λ4959 emission line ratio is 3:1 (Osterbrock 1989 ) and adopt 1.33 times [OIII]λ5007 line flux when summing the two lines. The R23 line ratio has two metallicity branches. We adopt the lower metallicity branch when log Kewley & Ellison 2008) . Only a small fraction (< 1%) of galaxies are on the lower metallicity branch. Metallicity diagnostics using strong emission lines are empirically and/or theoretically calibrated (for review see Kewley & Ellison 2008) . Kewley & Ellison (2008) show that different diagnostics applied to the same galaxies yield inconsistent measurements of metallicity. In particular, the absolute calibration varies by 0.4 dex. However, by comparing several diagnostics, they conclude that the R23 diagnostic used in this work is accurate in a relative sense. Thus, while the zero-point of the relation between stellar mass and gas-phase oxygen abundance is uncertain, the shape of the relation is more robust.
Stellar Population Synthesis Modeling and Fitting
In addition to nebular emission lines, spectra in Figure 1 show absorption lines in the continuum emitted by the integrated stellar population. These absorption lines encode information about stellar metallicity. Kudritzki et al. (2016) (and references therein) demonstrate that stellar absorption line spectroscopy is an accurate tool to determine metallicity of individual blue supergiant stars in nearby galaxies. Here we apply a similar spectral fitting technique except we use model spectra calculated with a stellar population synthesis approach rather than model spectra of individual stars.
Strong ISM emission and absorption lines as well as strong stellar Balmer lines contaminate the stacked stellar metal line spectra at certain wavelengths. When fitting stacked spectra with models, we avoid the near ultraviolet part of the spectrum which is dominated by a series of absorption lines (Calcium H,K and Balmer series) and the [OII]λ3727 emission line and limit our analysis to the spectral range of 4050 − 7300Å. In this range we mask out a 30Å region centered on each ISM absorption and emission line. However, for the Balmer lines we mask out 75Å region to exclude the pressure broadened line profile wings. These masking windows are appropriate for the spectral resolution of the data.
We calculate model spectra using the Flexible Stellar Population Synthesis (FSPS; v3.0) code Conroy & Gunn 2010) . We adopt the Chabrier (2003) 
Metallicity from Look Back Models
We calculate "look back" models by inputting empirically constrained star formation and chemical evolution histories. Star formation history is not a free parameter, thus we do not need the observed shape of the spectrum of the integrated stellar population as a constraint for the analysis. We normalize stacked and model spectra by fitting a polynomial of degree 20. We divide the spectrum by the best-fit polynomial. Normalizing spectra to the continuum means that effects related to dust attenuation are not an issue for this part of the analysis.
We calculate model spectra by adopting star formation and chemical evolution histories. We infer these histories using the evolutionary model presented in Zahid et al. (2012b) (see also e.g., Conroy & Wechsler 2009; Peng et al. 2010; Papovich et al. 2011; Leitner 2012) . We use these histories as inputs to the FSPS code to generate model spectra. We refer to these as the look back stellar population synthesis (LBSPS) models. The basic assumption of these models is that galaxies evolve along the average measured relations between stellar mass and SFR and stellar mass and gas-phase oxygen abundance.
We adopt the parameterization given in Behroozi et al. (2013, parameters in Table 8 ) for the star formation rate measurements as a function of stellar mass and redshift. This parameterization is based on a large compilation of published values from the literature spanning a broad redshift range (0 < z < 8). Z14 consistently measure the Fig. 2. -(A) Stellar mass and (B) star formation history of galaxies that evolve along the mean relation between stellar mass and SFR observed at several epochs. (C) Metallicity history of the same model galaxies assuming they evolve along the mean M Zg relation measured at several epochs. The dashed, dotted and solid curves are examples of three model galaxies with stellar masses of ∼ 10 9.5 , 10 10.25 and 10 11 M ⊙ at z ∼ 0. The stellar mass and metallicity histories derived from these models are used as inputs to generate FSPS model spectra. Example of model template spectra in one narrow spectral window calculated using FSPS and tabulated star formation and metallicity history based on the models shown in Figure 2 . Colors correspond to (A). The dashed line is the observed stacked spectrum for galaxies with 10 10 ≤ M * /M ⊙ ≤ 10 10.1 . (C) RMS difference between the stacked spectrum and model spectra plotted as a function of final metallicity. The best-fit metallicity is determined by fitting a parabola to points around the minimum RMS. The best-fit metallicity represents the final metallicity of a galaxy evolving along the M Zg relation and is interpreted as the metallicity of the young stellar population.
M Z g relation for galaxies out to z ∼ 1.6. We adopt the relation they derive (Equations 6 -8 in Z14).
Figures 2A and 2B show the stellar mass and star formation rate as a function of cosmic time for three example model galaxies. We assume that stellar mass is instantaneously returned to the ISM and adopt a return fraction of 0.43 which is appropriate for the Chabrier IMF (Vincenzo et al. 2016) . We evolve models to z ∼ 0.08, the median redshift of the sample. The stellar mass estimates used in Z14 and Zahid et al. (2012a) are 0.25 dex smaller than stellar masses used in this study. We add 0.25 dex to stellar masses and SFRs outputted by the evolutionary model.
We use observations of the M Z g relation as a function of redshift to infer the chemical evolution histories of model galaxies. Z14 parameterize the relation as
In this model, Z 0 is the saturation metallicity quantifying the asymptotic metallicity limit (Moustakas et al. 2011; Zahid et al. 2013c) . M o is the characteristic turnover mass where the M Z g relation begins to saturate and γ is the power-law slope of the relation at M * < M o . Z14 show that Z 0 and γ do not evolve significantly at z < 1.6 and the redshift evolution of the M Z g relation is quantified by evolution of M o which goes as ∝ (1 + z) 2.64 . Given the uncertainty in the absolute metallicity calibration, we adopt the Z 0 measured by AM13 using the direct method metallicity determination when calculating LB- SPS models. Figure 2C shows the metallicity history of three example model galaxies.
We use offsets to Z 0 in Equation 5 as a free parameter when calculating the chemical evolution history for our evolutionary models. We do this for two reasons. First, the zero-point of the gas-phase abundance scale is uncertain (Kewley & Ellison 2008) . Second, we want to determine the metallicity of the stellar population and, thus, we need a grid of models with a range of metallicities. For each stellar mass bin we generate a set of LBSPS models. Our approach yields model spectra with different final metallicities for each stellar mass bin. Figure 3B shows an example of model spectra in a small spectral window along with the stacked spectrum of galaxies with 10 10 M ⊙ < M * < 10 10.1 M ⊙ . The flux variation in the LBSPS models is due solely to metallicity; the star formation history for the models are identical. We determine the best-fit metallicity by minimizing the residuals between the various models and the observed stacked spectrum. Figure 3C shows the root-mean-square (RMS) difference between the observed spectrum and the models. The RMS shows a clear minimum as a function of metallicity. Here the metallicity being plotted is the final metallicity of the LBSPS model. The stacked spectrum at all stellar masses have well defined minima in the RMS similar to Figure 3C . Figure 4 shows the stacked spectrum over the full wavelength range analyzed along with the best-fit model. The data are well fit across the full wavelength range.
We fit stacked data at each stellar mass following the procedure outlined in Figure 3 . The RMS of the best-fit ranges between 3 − 6 × 10 −3 . We quote the final metallicity of the LBSPS model as the metallicity measurement. We interpret this metallicity as the metallicity of the young stellar population. We estimate the systematic uncertainty in metallicity is ∼ 0.1 dex. The major sources of uncertainty are the absolute calibrations of stellar masses and SFRs. We vary these quantities by 0.25 dex and generate new LB-SPS models. We find that metallicities vary systematically by ∼ 0.1 dex; the shape of the M Z g relation is robust to uncertainties in the absolute calibration of stellar masses and SFRs.
Metallicity and Dust Attenuation from Sequential
Single-Burst Models
Metallicities determined from fitting the LBSPS models provide a fiducial measurement. However, these models assume star formation and chemical evolution histories. Therefore, as an alternative approach, we also fit data with models calculated from a linear combination of sequential single burst (SSB) model spectra. These models are sampled at a range of metallicities and ages. Unlike LBSPS model fits, the star formation history and ages of galaxies are free parameters in this approach. We generate a grid of 216 single burst models sampled at 12 metallicities ranging between −2.5 ≤ log(Z/Z ⊙ ) ≤ 0.5 spaced at the intrinsic sampling of the MIST isochrones and 18 stellar population ages logarithmically spaced between 0.001 and 12.6 Gyr.
The shape of the stellar continuum is set by the star formation history and dust attenuation. The star formation history constrains the relative contribution of stars at different stellar masses and dust preferentially absorbs blue light making galaxies appear redder. To use this information when applying the SSB model fits, we use the shape of the continuum to additionally measure dust attenuation. This is different from the LBSPS approach described in the previous section. The relative flux of the model spectrum as a function of wavelength in this case is not normalized by fitting a high degree polynomial. The relative model flux is calculated as
Here, the sum is over all single burst models f λ,i . The models are normalized to the mean flux between 4400 − 4450Å; this is the same normalization applied to the observed spectra. Each model is scaled by b i and C λ is the attenuation correction to the flux which we parameterize by the visual attenuation, A v . We adopt the Cardelli et al. (1989) extinction law and a corresponding selective extinction ratio of R v = 3.1 to determine C λ . We use the Cardelli et al. (1989) extinction law as it is applies to both dense and diffuse regions of the interstellar medium and we are interested in consistently analyzing stellar and nebular attenuation. The free parameters of the model are A v and b i . We determine the best-fit by minimizing residuals using the MPFIT set of routines in IDL (Markwardt 2009) . Each single burst model f λ,i is sampled at a metallicity Z i . We derive metallicity for each stacked spectrum from the best-fit parameters
Here, Z is the derived metallicity. SSB model fits also constrain ages of the stellar populations. However, we have optimized our approach to determine metallicity and thus have masked out strong Balmer absorption lines. These absorption lines are age sensitive features of the continuum but in star-forming galaxies, they are contaminated in their age sensitive line cores by strong ISM emission lines. We find our procedure is not sensitive to stellar population age and thus we do not report the age here. Figure 5 shows a SSB model fit to a stacked spectrum. The RMS of all fits ranges between 5 − 10 × 10 −3 ; about twice the value of the LBSPS fits. A mismatch between the SSB model fits and stacked spectra is seen at wavelengths > 6500Å in all the fits and contributes significantly to the larger RMS of the SSB fits as compared to the LBSPS fits. Fluxes of the MILES model spectra are corrected for second-order contamination redward of 6700Å (for details see Sánchez-Blázquez et al. 2006) . One possible source for the mismatch between SSB models and observed spectra may be a small amount of residual contamination in the model spectra.
The metallicity we derive by fitting stacked data with SSB models represent an average global property of the stellar population. To assist in our interpretation of metallicities derived from Equations 7, we fit the LBSPS models with our SSB fitting procedure. We fit the LB-SPS models with stellar masses 10 8.5 ≤ M * /M ⊙ ≤ 10 11 and ∆Z 0 = 0. We fit LBSPS model spectra with SSB spectra because the metallicity of the LBSPS model stellar population is known. Thus, we can compare the metallicity derived from the SSB fit with known quantities to understand what stellar population metallicity we are sensitive to with our SSB fitting procedure. Figure 6 shows the metallicity of the LBSPS stellar population compared to the metallicity derived from the SSB model fits. The green curve shows the inputted metallicity for the most recently formed stellar population contributing to the model spectra. Thus, the green curve is the metallicity of the young stellar population. The blue dashed and red dotted curves are the V −band luminosity-and mass-weighted stellar metallicities calculated from the star formation and chemical evolution histories used to generate the LBSPS models. The black curve is the metallicity determined by fitting SSB models to the LBSPS models. The SSB fit metallicity is most consistent with the luminosity-weighted metallicity. By comparing the SSB fit results with the luminosityweighted metallicity in Figure 6 , we estimate that the metallicity derived from the SSB fit systematically varies from the luminosity-weighted quantity by 0.04 dex.
THE MASS-METALLICITY RELATION
We examine the relation between stellar mass and metallicity by applying the three methods outlined in the previous section. We determine metallicities from emission lines and absorption lines. We critically compare M Z relations obtained with the three methods.
We start by analyzing the strong ISM emission lines. We measure the gas-phase metallicity for galaxies in the sample using the method described in Section 3.1. The M Z g relation is derived by taking the median metallicity of individual galaxies in bins of stellar mass and is shown in Figure 7A . The red curve is a fit of the observed M Z g relation with the model given in Equation  5 . The gray dashed curve shows the M Z g relation determined by Z14 using a different sample selection criteria. The consistency of the two relations demonstrates that the M Z g relation is robust to the selection criteria. The best-fit parameters are provided in Table 3 .
Next we use LBSPS models to fit the stellar metal absorption lines in the stacked spectra using the method described in section 3.2.1. Figure 7B shows the corresponding M Z * relation. We fit the M Z * relation with the model given in Equation 5. The best-fit is shown and the parameters are in Table 3 .
There is a weak dependence of the M Z * relation we derive using LBSPS models on the parameterization we use for chemical evolution. If we input a γ = 0.6 for M Z g , the best-fit M Z * γ = 0.57. We test more extreme values, adopting a γ = 0.7 and γ = 0.3 for the input M Z g . In this case, we find that the M Z * relation we fit has a γ = 0.62 and γ = 0.42, respectively. These differences are not statistically significant (< 2.5σ), but they are systematic. The statistical uncertainty on the M Z g γ measured by Z14 is 0.009; the systematic uncertainty is also likely to be small as a consistent γ is measured using independent data sets out to z ∼ 0.8 (see Z14). Thus, we have tested the variations in γ using extreme values that are unlikely to be the true values. However, we note the dependency of the output parameters on the input parameters for completeness.
The SSB metallicities are completely independent of the LBSPS model assumptions and thus provide a consistency check on the LBSPS metallicities we derive. We use SSB models to fit stellar metal absorption lines in stacked spectra using the method described in section 3.2.2. Figure 7C shows the corresponding M Z * relation. The blue curve is a fit to the M Z * relation parameterized by Equation 5. The fit parameters are in Table 3 . Figure 7D shows a comparison of the M Z relations determined from the three methods. The M Z g relation is reasonably consistent with the M Z * relation from fitting LBSPS models when it is shifted by -0.33 dex. This shift corresponds to the difference in the Z 0 we measure using the two approaches. The LBSPS model results also correspond to the metallicity of the young stellar population and thus should be consistent with gas-phase metallicity measurements. Such a shift is within the range of absolute calibration uncertainties of the strong ISM emission line diagnostics (Kewley & Ellison 2008) . For reference, the M Z g relation derived using the direct method is similarly offset by ∼-0.3 dex from the M Z g relation derived using the KK04 calibration (AM13). Thus, the LBSPS M Z * relation is consistent to within a few tenths of a dex with the direct method M Z g relation. The M Z * relation derived from the two methods using stellar metal absorption lines are in reasonable agreement, though there is an offset that scales with stellar mass. Metallicity derived using the LBSPS model fit represents the metallicity of the young stellar population whereas metallicity determined from fitting SSB models is closer to a luminosity-weighted average. Metallicity increases as galaxies evolve and thus we expect luminosity weighted metallicities to be smaller than the metallicity of the young stellar population. We see this in Figure  6A . The difference between the LBSPS and SSB M Z * relations is qualitatively consistent with this conclusion.
STELLAR MASS AND DUST ATTENUATION
We constrain dust attenuation of the stellar population when fitting SSB models. Figure 8A displays the relation between dust attenuation and stellar mass. The continuum attenuation is measured from fitting the stacked spectra with SSB models. Nebular emission attenuation is measured from the Balmer decrement. Both measurements show similar trends; massive galaxies are more attenuated (see also, Brinchmann et al. 2004; Stasińska et al. 2004; Asari et al. 2007; Garn & Best 2010; Zahid et al. 2013c) . Figure 8B shows the continuum-to-nebular attenuation ratio. Nebular emission is more attenuated than the continuum and the difference scales with stellar mass; massive galaxies exhibit higher levels of nebular attenuation relative to the continuum. Because we have used the same extinction law and selective extinction ratio to derive stellar and nebular attenuation, our comparison implicitly assumes that differences between stellar and nebular attenuation are due to variations in dust content. However, the observed difference could also result from spatial variations in the dust properties themselves in which case, a different extinction law may need to be used to derive stellar and nebular attenuation. It is beyond the scope of this work to investigate these two possibilities in detail and we interpret the results primarily as a spatial variation in dust content. Calzetti et al. (1994) find that attenuation determined from the Balmer line ratio is a factor of ∼ 2 larger than attenuation determined from the UV continuum. They suggest that this is due to an inhomogeneous dust distribution. Young, massive stars are typically found in dustier regions than the underlying stellar population. The canonical ratio of continuum-to-nebular attenuation is 0.44 (Calzetti 1997) . However, studies suggest that this ratio may be a function of galaxy properties (e.g., Wuyts et al. 2013; Koyama et al. 2015) . Based on ultraviolet to infrared observations, Koyama et al. (2015) find that for most of their sample the ratio varies between 0.44 and 1 and the ratio tends to be smaller for the most massive galaxies. Results in Figure 8 are consistent with this type of variation in the ratio. Our results pertain to the central regions of galaxies covered by the SDSS fiber. However, we have checked that there is no strong aperture bias in the attenuation we derive and the consistency with Koyama et al. (2015) suggest our results are indicative of global galaxy properties.
STELLAR MASS, METALLICITY, DUST EXTINCTION AND STAR FORMATION RATE
We examine the relation between stellar mass, stellar metallicity, dust attenuation and SFR by analyzing stacked spectra sorted into quintiles of SFR. We fit stacked stellar absorption line spectra with SSB models to determine metallicity and dust attenuation. Figure  9A shows the median SFRs of the stacked data. Figure 9B shows the M Z * relation for galaxies as a function of SFR. At the lowest stellar masses, the data are noisy. At intermediate stellar masses, there appears to be a weak anti-correlation between metallicity and SFR; galaxies with high SFRs have lower metallicities and vice versa. Similar trends between metallicity and SFR are reported for galaxies when metallicities are determined using strong emission lines (Mannucci et al. 2010; Lara-López et al. 2010; Yates et al. 2012) . Figure 9C shows the relation between stellar mass, SFR and dust attenuation. At lower stellar masses (< 10 10.2 M ⊙ ), dust attenuation is anti-correlated with SFR; similar to the anti-correlation between metallicity and SFR. There is a sharp transition in the relation at M * ∼ 10 10.2 M ⊙ and the trend reverses at higher stellar masses such that there is a positive correlation between dust attenuation and SFR.
The trend in dust attenuation shown in Figure 9C is remarkably consistent with reported trends between stellar mass, dust attenuation and SFR based on emission line analysis (Zahid et al. 2013c ). We reproduce the emission line analysis result in Figure 10 using our sample of SDSS galaxies. Zahid et al. (2013b, Z13 hereafter) develop a model of dust efflux which qualitatively reproduces the observed relation between stellar mass, dust attenuation and SFR. In the Z13 model, variations in attenuation are explicitly interpreted as a consequence of the total dust content and not a change in dust properties. Dust content is taken as the integral of the rate of dust production and loss. The model is explicitly time dependent and is based on star formation and chemical evolution histories determined using a procedure similar to one described in Section 3.2.1. The simplest parameterization of the model is:
Here, M d is the mass of dust at some time t and t f is the formation time of the model galaxy.Ṁ R is the time dependent stellar mass recycling rate, i.e. the rate at which mass in stars is recycled back into the ISM via supernova, stellar winds, etc., and is calculated from starformation histories which are explicitly time dependent. η is the efficiency of dust loss, τ is the dust optical depth and Ψ is the SFR. Both Ψ and τ are calculated using look back models and are explicitly time dependent. ∆t represents a timescale over which dust is effluxed out of the line-of-sight; ∆t characterizes the outflow velocity. In the Z13 model, the dust content is set by the difference in the integrated rate of production and rate of dust loss as parameterized by Equation 8. Dust is produced from stellar material recycled back to the ISM. Thus, the first term on the right-hand-side (RHS) of Equation 8 is proportional to the rate of dust production. Dust is effluxed by the sustained interaction between dust particles and the ambient radiation field. Thus, the rate depends on the instantaneous dust content and the SFR. The second term on the RHS is proportional to the rate of dust efflux. η and ∆t are free parameters of the model and are tuned to reproduce the observed relation between stellar mass, attenuation and SFR. The primary constraints for the model are the stellar mass at which the "twist" or "turnover" in the relation occurs and the spread in attenuation at large stellar masses. Z13 derive a ∆t yielding an effective outflow velocity of ∼ 1 km s −1 and thus refer to their model as the "slow flow" model.
A key assumption of the Z13 model is that the scatter in the relation between stellar mass and SFR is temporally correlated; offsets from the mean relation are persistent in time. As a consequence, at a fixed stellar mass, galaxies with large SFRs are younger and vice versa. When τ is small (i.e. at low stellar masses) the dust efflux term in Equation 8 is negligible; the dust content depends primarily on the mass of material recycled back into the ISM by stars. There is an anti-correlation between attenuation and SFR at low stellar masses because galaxies with high SFRs are younger and thus have recycled a smaller fraction of their stellar mass back into the ISM. On the other hand, at larger stellar masses, the dust content of galaxies is larger and thus the dust efflux term is not negligible. The instantaneous rate of dust efflux is proportional to the SFR and thus larger in galaxies with high SFRs. However, given a sufficiently long timescale for dust efflux, the total integrated dust loss is larger in older, low SFR galaxies. Hence, the positive correlation between SFR and attenuation. Massive galaxies with larger SFRs are younger and thus have had less time to efflux dust. Dust attenuation measured from stellar continuum analysis presented in this work provides independent confirmation of the results presented in Zahid et al. (2013a) and Z13. We note the qualitative consistency between the Z13 model and results presented here. It is beyond the scope of this work to explicitly tune the model parameters to fit the observations or explore alternative models based on variations in dust properties.
DISCUSSION
The M Z g relation based on emission line analysis of star-forming galaxies in the SDSS has been extensively studied (e.g., Tremonti et al. 2004; Kewley & Ellison 2008; Yates et al. 2012; Andrews & Martini 2013) . We critically compare the M Z * relation derived from stellar continuum absorption line analysis with the M Z g relation. We find that after accounting for absolute uncertainties in the zero-point of the gas-phase metallicity calibration, the M Z * relation measured from the stellar continuum is consistent with the relation derived from emission lines. The stellar metallicities we derive are completely independent of the emission line analysis and thus the consistency in the stellar and nebular M Z relations for star-forming galaxies is an important confirmation of previously reported results. Figure 9) . The median statistical uncertainty determined from bootstrapping is 0.01 magnitudes. This figure is a reproduction of Figure 2b in Zahid et al. (2013c) using the sample analyzed in this study.
The shape of the M Z relation provides important constraints for understanding the chemical evolution of galaxies. Z14 posit that the M Z g relation originates from a more fundamental relation between metallicity and stellar-to-gas-mass ratio. Their inflow model (see Equation 5 and Larson 1972) suggests that chemical evolution is characterized by three distinct regimes: gasrich, gas-poor and gas-depleted.
Less massive galaxies tend to be gas-rich and their metallicity is proportional to the stellar-to-gas-mass ratio. Thus, the Z14 model predicts that the power-law slope of the M Z g relation (γ in Equation 5) should be set by the slope of the relation between gas mass and stellar mass. Based on the measured slope of the stellarto-gas-mass relation (e.g., Peeples et al. 2014) , the M Z g relation slope should be γ ∼ 0.5 which is consistent with our measurements (see Table 3 ).
In the gas-poor regime, the stellar mass exceeds the gas mass. The metallicity increases as gas is consumed and a progressively larger fraction of the ISM metals become locked up in low mass stars; the M Z g relation begins to saturate. In the gas-depleted regime, metallicity can become large because the gas content is small and thus does not dilute the metal reservoir. At some point, the mass of metals produced by massive stars equals the mass of metals locked up in low mass stars. The metallicity can not increase beyond this level and the M Z g relation saturates. Saturation of the M Z * relation should occur at larger stellar masses as compared to the M Z g relation. This is because the gas-phase abundances are an instantaneous measure of the metallicity whereas stellar metallicities are an integrated property. Saturation occurs only when a large enough fraction of stars form in the saturation regime. We find that the M Z * relation saturates at a stellar mass that is 0.2 − 0.3 dex larger than the M Z g relation.
Several studies report a dependence of the M Z g relation on SFR (Mannucci et al. 2010; Lara-López et al. 2010; Yates et al. 2012; Bothwell et al. 2013; Salim et al. 2014) . At stellar masses below the saturation metallicity, all these studies report an anti-correlation between metallicity and SFR. A straightforward interpretation of this dependence is that higher gas fractions dilute the metal reservoir, resulting in lower metallicity. Higher gas fractions also support larger SFRs, thus the anticorrelation between metallicity and SFR. A similar, albeit weaker, anti-correlation exists between stellar metallicity and SFR at a fixed stellar mass (see Figure 9A) .
Variations in gas content appear to drive the correlation between metallicity and SFR at a fixed stellar mass. Gas content variations probably result from variations in the accretion history of galaxies (Dutton et al. 2010) . Black points are the M Z * relation measured by fitting SSB models to stacked spectra. Blue stars are stellar metallicities of nearby galaxies measured from spectroscopy of individual supergiant stars Bresolin et al. 2016; Davies et al. 2017) . Red triangles are stellar metallicities measured for dwarf galaxies in the Local Group (Kirby et al. 2013) . Green squares are the median M Z * relation from SDSS based on fitting of Lick Indices (Gallazzi et al. 2005 ). The Gallazzi et al. (2005) relation is derived from star-forming and quiescent galaxies. We renormalize the Gallazzi et al. (2005) metallicities to the solar metallicity adopted in this work (Z = 0.0142).
The timescale of the deviation of galaxy gas content from the population average must be sufficiently long such that scatter in the M Z g relation which is correlated with SFR can be measured in integrated stellar light. Detailed chemical evolution modeling which is beyond the scope of this work may provide constraints for this timescale. Figure 11 shows a comparison of stellar metallicities we measure with results published in the literature. The M Z * relation we derive is consistent with the relation derived by Kudritzki et al. (2016) based on analysis of individual supergiant stars. With the inclusion of the Kirby et al. (2013) results, the relation appears to be continuous over > 7 orders of magnitude in stellar mass. The Gallazzi et al. (2005) M Z * relation is qualitatively similar to our results but differs quantitively. The Gallazzi et al. (2005) relation is measured from Lick indices and they combine the star-forming and quiescent galaxy populations. Thus, differences may be due to systematics in the measurement technique and/or sample selection.
CONCLUSION
We analyze stellar absorption line continua of starforming galaxies in SDSS to determine the relation between stellar mass, metallicity, dust attenuation and star formation rate. We stack spectra of star-forming galaxies in bins of stellar mass and fit the data with stellar population synthesis models. The continua of star-forming galaxies are remarkably consistent with model spectra calculated using empirically determined star formation and chemical evolution histories.
We also fit the data with a linear combination of single burst models sampled at a range of metallicities and ages. The star formation and chemical evolution histories of these models are not constrained. This approach yields metallicities consistent with those determined from fitting the empirically constrained models. We conclude that for star-forming galaxies the relation between stellar mass and stellar metallicity is consistent with the relation between stellar mass and gas-phase metallicity once we account for systematic uncertainties in the absolute calibration of the gas-phase metallicity. This consistency is expected from simple models of galactic chemical evolution.
We analyze the stellar metallicity and continuum dust attenuation of galaxies as a function of their star formation rate. Our results based on analyzing the continuum are consistent with previously reported trends based on emission line analysis, thus providing an independent confirmation of those results. At a fixed stellar mass, the metallicity is anti-correlated with star formation rate which is consistent with the results of e.g., Mannucci et al. (2010) and is expected if there is a universal relation between metallicity and stellar-togas mass ratio as suggested by Zahid et al. (2014b) . The dependence of the dust attenuation of the continuum on star formation rate is also consistent with analysis based on the Balmer decrement (Zahid et al. 2013c) .
Our analysis provides a framework for understanding the relation between gas-phase and stellar metallicities of star-forming galaxies. The results pave the way for future efforts jointly analyzing the star-forming and quiescent galaxy population. A consistent set of models and methods applied to star-forming and quiescent galaxies allows for an exploration of the means by which starforming galaxies deplete their gas supply eventually shutting down star formation. A comprehensive study of the gas-phase and stellar metallicities of star-forming galaxies and the stellar metallicities of quiescent galaxies (see e.g., Conroy et al. 2014 ) is already possible. The SDSS provides a wealth of spectroscopic data and the stellar population models for star-forming galaxies are now validated. We will apply the models developed in this work to the full SDSS population to investigate how starforming galaxies evolve to the red sequence. 
